Thin films of pure nanocrystalline SnO2 are deposited using sol-gel technique bare Si (100) substrates at different ageing time and annealing temperatures. The structural and morphological properties of these films are investigated using XRD and TEM techniques. The sensitivity of these films was tested to H2 gas. A SnO2 thin film aged for 7 h and annealed at 450 °C shows very high responses to H2 and excellent selectivity for H2 gas at a low operating temperature of 50 °C. The response and recovery time of SnO2 thin films is discussed.
Introduction
SnO2 thin films were extensively studied in the past for their applications as resistors, heat mirrors and electrodes for solar cells based on amorphous hydrogenated silicon [1, 2] . Tin oxide was also investigated as a material for optoelectronic devices [3, 4] . This oxide material has high reactivity towards reducing gases at relatively low operating temperature, easy adsorption of oxygen on its surface because of its natural nonstoichiometry, stable rutile phase and many more desirable attributes such as cheapness and simplicity [5] .
The range of application of these types of gas sensors is limited by their poor selectivity, sensitivity and response time. In order to enhance the sensing properties of SnO2 films, various methods have been adopted such as reduction of grain size, addition of catalysts/promoters and filters, addition of dopants and using mixed metal oxides [6] [7] [8] [9] . Most of the commercial and industrial applications require the gas sensors to be operated at lower temperatures (especially at room temperature) to avoid the instability in the nano-crystallite size and hence to increase the robustness and life of sensors [10] . In spite of this, very few attempts [11, 12] have been made to develop nano-crystalline SnO2 sensors operating at low temperature.
Hydrogen gas is a kind of more efficient and cleaner source of energy which has been used in chemical industries, automobiles, aircraft, fuel cell technologies, alternative fuels etc. [13, 14] . H2 gas is colorless, odorless, highly volatile, and inflammable and causes explosion when brought in contact with air. Therefore, its detection at room temperature (RT) is very important for chemical industries and environmental applications. RT H2 gas sensor also attracts much attention in other fields because of their particularly low power consumption [15] , the ability to be used safely in flammable environments [16] , and long lifetime [17] . This paper focuses on the preparation and fabrication of functional nanocrystalline SnO2 thin films and performance of H2 gas sensors at RT for different gas concentrations. The main goal of this study is to effect of annealing temperature on H2 sensitivity of nanocrystalline SnO2 thin films deposited on bare Si (100) substrates, to reduce the response time and increase the stability of thin film sensor.
Experimental Methods
Nanocrystalline SnO2 thin films were grown on p-type (100) silicon wafer (10 mm x 10 mm) using sol-gel spin coating method [18, 19] . 0.2 M tin (II) acetate (Sigma Aldrich ≥ 99.9%) was dissolved via 70 mL of pure isopropanol and placed in the covered flasks. The resultant sol solutions in closed flasks were stirred on the magnetic stirrers for 4 h and kept at 70 °C for 7 h and 10 h, respectively. Moreover, glycerin was added to a volume ratio of 1:10 in order to eliminate cracks [20] . The process of preparing the sol solutions was separately completed at room temperature for the remainder of the 24 h. Thereafter, the sol solutions were spin-coated on Silicon wafer (100) substrates at a rotation speed of 4000 rpm for 30 s. The as deposited films were oven-dried at 100°C for 10 min, to obtain high thickness, spin coating and drying operations were repeated multiple times for all samples at different aging heat times. The crystallization of all SnO2 samples was achieved by annealing at 400 and 450 °C in air ambient for 3 h.
The crystal structures were investigated by X-ray diffractometer (Model Miniflex, Rigaku)) using Cu Kα radiation, angle step size of 0.02°, and count time of 1.0 second per step. The microstructures of the thin film samples were characterized by high-resolution transmission electron microscopy (HRTEM; Philips Tecnai F20 G2). X-ray photoelectron spectroscopy (XPS; PHI 5000 VersaProbe) analysis was used to determine the chemical binding status of constituent elements of SnO2 thin films.
H2 gas-sensing properties of SnO2 thin film sensors was measured in terms of the percent sensitivity (S%). The gas sensing experiment was done in a chamber through which air or H2 gas was allowed to flow at the rate of 250 mLmin -1 . The electrical response of the SnO2 thin film sensors was measured with an automatic test system, controlled by a personal computer. The electrical resistance in air (Ra) and in presence of H2 gas (Rg) and the percent sensitivity (equation I) of the coatings were measured at room temperature and at 50 °C using a digital multimeter and a constant voltage/current source. A thin layer of Au (∼50 nm) was deposited on the SnO2 layers by vacuum thermal evaporation. Two planar Au electrodes were fabricated on the surface of SnO2 thin films. The SnO2 thin films were heated by a heater and a thermocouple was placed on the film surface to measure the temperature. Percent sensitivities (S%) were obtained using 
Results and Discussion
The XRD patterns of SnO2 thin films annealed at 400 and 450 °C are depicted in Figs. 1 [21, 22] . While the peaks in Figs. 2a and b become sharper and stronger as the annealing temperature is increased raised to 450 °C. This is due to the annealing temperature which enhanced the crystallization of films, and therefore increased crystallite size, and reduced defects [22, 23] . The SnO2 (110) plane was the dominant crystallographic orientation in the SnO2 samples annealed at both 400 and 450 °C. The average crystallite size (D) of nanocrystalline SnO2 thin films was calculated using the SnO2 (110) diffraction peak by Debye-Sherrer formula [20] . It can be seen that the crystallite sizes increase after addition of glycerin as shown in Table 1 . The microstructures of SnO2 thin films were further characterized through TEM. Fig. 3(a) shows a low-magnification, cross-sectional TEM image of the SnO2 thin film which is composed of distinct columnar grains and has a thickness of approximately 120 nm. The film is dense and does not have any visible pores. The top region of the film is smooth. Fig. 3(b) depicts the energy-dispersive X-ray spectroscopy (EDS) spectra of the film, confirming that Sn and O are the major elements in the film's composition. Fig. 4 show a symmetric Sn 3d5/2 peak centered at approximately 486 eV and a Sn 3d3/2 peak centered at approximately 495 eV; no signal from the metallic Sn was observed. The analysis of XPS narrow scans of the Sn 3d core-level doublet indicated that the Sn 4+ valence state existed in the form of SnO2 [24] . The Figs. 5 and 6 shows the response for different SnO2 thin film samples as a function of H2 gas concentration at RT and 50 °C respectively. The response increases linearly as concentration of H2 gas increased from 100 to 1000 ppm. From Fig. 5 , one can see that, the slope for both the SO-1(40) and SO-2(40) samples increased with concentration which is due to interaction of oxygen species and adsorbed H2 gas on the surface of thin films. For the sample SO-1(40), initially the sensitivity is found to be increased and suddenly drops at about 800 ppm of H2 gas. This is because, with a small concentration of gas, exposed on a fixed surface area of a sample, there was a lower coverage of H2 molecules on the surface and hence less surface reaction occurred. An increase in H2 concentration increases the surface reaction due to a larger surface coverage. Beyond a 750 ppm of H2 gas concentration, the increase in surface reaction will be gradual, where the saturation point on the coverage of molecules was reached and sensitivity falls. These measurements were performed by injecting H2 gas into the chamber first and then sensor's resistance was measured in air and in the presence of H2 gas. All the samples respond rapidly H2 gas was injected into the chamber at operating temperature 50 °C. At 50 °C, the fast response in case of sample SO-1(45) was attributed to the rapid electron transfer that catalyzes the reaction between the adsorbed gas and the sensor surface.
From the results, we have concluded that, for annealing the so prepared SnO2 thin films, 450 °C is the significant temperature. Cross sensitivity of the SO-1(45) sample was tested for carbon monoxide (CO) and ethanol (C2H5OH) vapors at operating temperature 50 °C in relation to H2 gas and the results are presented in Fig. 9 . The concentration of gases was varied from 100 to 500 ppm. Fig. 9 Cross sensitivity of SO-1(45) sample for different concentrations of CO gas, H2 gas and ethanol vapors at operating temperature 50 °C The stability of sensor is the capacity to exhibit constant response over a larger duration. The sensors based on oxide materials have common drawback of decrease in response due to ageing induced effects. Fig. 10 shows the stability graph of the SO-1(45) sensor material and it was measured by repeating the tests for the period of two months from the initial measurement. During the tests, no considerable variations were observed indicating the good stability of the sensor element. The response of the SO-1(45) sensor material sensor to 1% of hydrogen gas concentration at 50°C was measured on 15 th , 30 th , 45 th and 60 th days after the first measurement was performed. It was found that after two months, the material performed 98% of its earlier performance and thus confirmed the stability of sensor material for its commercial application. Fig. 10 The stability study for SO-1(45) sample (annealed at 450 °C) at 50 °C for 500 ppm of H2 gas
The sensing mechanism of nanocrystalline thin films is related to the reduction of the exposure to target gas by the adsorbed oxygen species on the sensor surface. When the surface of nanocrystalline SnO2 thin films is exposed to ambient air, the oxygen species will be adsorbed (reactions I, II and III). Depending on the operating temperatures, the adsorbed oxygen species get reduced by capturing the electrons from nanocrystalline SnO2 thin films surface, which increases the depletion region leading to the increase of the resistivity [26] . Depending on the operating temperatures, different oxygen species are formed on adsorption on the sensor surface, which can be described as follows:
H2 molecules are dissociated to H atom on the Pd contact, which diffused to the surface of thin films, and reacts very quickly with different adsorbed oxygen species by negative charges [25] . Thereby the electrons captured by the oxygen species will return back to the conduction band of thin film, resulting in an increase of electron concentration in the conduction band so that the resistance of nanocrystalline SnO2 will reduce. The reactions hydrogen with oxygen species could be explained by using the following chemical reactions (IV, V and VI) [28, 29] .
The sensitivity of H2 gas sensor will reduce when the nanocrystalline SnO2 thin films are exposed to air ambient again, where the air ambient inputs to the gas chamber containing oxygen species. Thereafter, the air oxygen will react with the chemisorbed H2 on the surface of nanocrystalline SnO2 thin films. Hence, the resistance of the nanocrystalline SnO2 thin films goes back to its initial value [25] .
Conclusion
The response and selectivity of the SnO2 based gas thin film sensors for H2 gas have been improved significantly by annealing the material at 400 °C and 450 °C. It has been reported that the annealing temperature not only modifies the surface morphology but also lowers the operating temperature with quick response even at the 100 ppm of H2 gas. 
